Abstract: Damage detection at early cracking stages in shear-critical reinforced concrete beams, before further deterioration and their inevitable brittle shear failure is crucial for structural safety and integrity. The effectiveness of a structural health monitoring technique using the admittance measurements of piezoelectric transducers mounted on a reinforced concrete beam without shear reinforcement is experimentally investigated. Embedded "smart aggregate" transducers and externally bonded piezoelectric patches have been placed in arrays at both shear spans of the beam. Beam were tested till total shear failure and monitored at three different states; healthy, flexural cracking and diagonal cracking. Test results showed that transducers close to the critical diagonal crack provided sound and graduated discrepancies between the admittance responses at the healthy state and the damage levels. Damage assessment using statistical indices calculated from the measurements of all transducers was also attempted. Rational changes of the index values were obtained with respect to the increase of the damage. Admittance responses and index values of the transducers located on the shear span where the critical diagonal crack formed provided cogent evidence of damage. On the contrary, negligible indication of damage was yielded by the responses of the transducers located on the other shear span, where no diagonal cracking occurred.
Introduction
Structural Health Monitoring (SHM) aims to develop efficient techniques for the continuous inspection and detection of various defects in civil engineering structural members. The final goal of these techniques is to evaluate the status of the structures, to provide important information for their optimum maintenance strategy and to ensure their lifetime robustness and durability. Realtime diagnosis of potential damage in Reinforced-Concrete (RC) members at early cracking stages, before further severe deterioration and fatal failure is an essential parameter of structural safety, integrity and reliability. The implementation of piezoelectric ceramics such as Lead Zirconate Titanate (PZT) to detect, locate and evaluate the severity of structural damages in RC members, such as beams, bridge girders, frames and beam-column joints, showed first promising results over other traditional SHM methods. This became more efficient with the development of the Electro-Mechanical Admittance (EMA) method that uses electro-mechanical signatures extracted from PZT transducers mounted on RC members as damage indicators [1] [2] [3] [4] .
The advantageous characteristics of piezoelectric smart materials combined with the merits of EMA technique inspired investigations to study more thoroughly this methodology in SHM of RC structural elements. Numerical studies that simulate EMA monitoring procedures utilizing PZTs to detect and localize cracking in concrete beams and debonding in RC beams retrofitted with FibreReinforced-Polymer laminates have been presented [5] [6] [7] [8] [9] . These premature debonding damages significantly influence the overall performance of the retrofitted elements and the decision of the strengthening technique of deficient RC members [6, 8, [10] [11] [12] . Identification of damage due to the corrosion of steel reinforcing bars and debonding between bars and concrete have also been investigated experimentally and analytically using EMA measurements of bonded PZT transducers [13] [14] [15] . Further, real-time monitoring of concrete compressive strength gain using bonded PZT patches showed promising results [16] [17] [18] [19] [20] . Furthermore, the detection of flexural damage occurred in the lower part of the mid-span area of a simply supported RC beam using the EMA signatures of PZT sensors has been numerically investigated [21] .
Regarding the shear failure of concrete members, it is well known that when principal tensile stresses exceed the tensile strength of concrete, cracks perpendicular to the direction of these stresses occur. This way, the behaviour of a plain concrete element under shear stresses is mainly characterised by the direct tensile strength and the splitting tensile strength of the material [22] [23] [24] [25] . Considering the behaviour of shear-critical RC beams, it is stressed that shear failure is characterised by the inclination of the diagonal cracking. It has been experimentally verified that the amount of stirrups along with the ratio of the tensional reinforcement and the span-to-depth ratio control the inclined shear cracking [26] . Further, shear capacity of RC beams is usually estimated by a superposition of the shear strength of beams without stirrups and the shear strength provided by the shear reinforcement [27] [28] [29] . Nevertheless, shear capacity of RC beams with only longitudinal reinforcing bars (without web reinforcement) depends mainly on the tensile strength of concrete and secondary on the amount of the bars (tensional and compressional) and the span-to-depth ratio [29] . Thus, the formation of the critical shear diagonal cracking of RC beams without transverse reinforcement is crucial for the determination of the onset of diagonal cracking of common RC beams with bars and stirrups. Consequently, any improvement of the existing SHM techniques to detect in real-time the first appeared diagonal cracks in a RC beam and to assess their severity before inevitable brittle shear failure of the element is essential.
The experimental study presented herein investigates the effectiveness of a SHM technique using the admittance measurements of PZT transducers mounted on a shearcritical RC in order to detect and identify potential damage. For this purpose, a large scale RC beam without transverse reinforcement is subjected to a typical two-point loading till failure. EMA signatures of embedded piezoelectric "smart aggregates" transducers inside concrete and externally bonded piezoelectric patches have been measured at two different loading levels that cause two corresponding damage states; only flexural cracking and diagonal shear cracking. Quantitative assessment of the examined damage levels using statistical damage index values is also attempted.
Damage evaluation procedure using Electro-Mechanical Admittance (EMA)
The overall configuration of the adopted Structural Health Monitoring (SHM) technique shown in Fig. 1 is used for the damage detection of RC elements. It is a specially implemented monitoring system that is based on the ElectroMechanical Admittance (EMA) methodology and utilizes the measurements of Piezoelectric lead Zirconate Titanate (PZT) transducers that can serve as actuators and sensors simultaneously. The admittance-based integrated monitoring system includes a PXI platform that is a USB6251high-speed M series multifunction module and is used both to excite the PZT transducers and to record the signals. This way, each PZT sends out the interrogating waves and receives the reflected waves at the same time. The PXI platform runs under the Labview Signal Express program.
With the Labview Signal Express program a wide band excitation signal sweeping can be achieved. The EMA technique uses PZT transducers that exhibit the characteristic feature to generate surface electric charge in response to an applied mechanical stress and undergo mechanical deformation in response to an applied electric field. Thus, when a PZT mounted to the structural element is actuated, the damage-induced change in the mechanical impedance of the structure is reflected on the electrical admittance of the PZT. When a structure or its structural elements are regularly monitored by extracting the admittance signal to the exciting frequency of the PZT, the changes in this signature become indicative of the presence of structural damage [5, 7, 30] . This way a potential damage can be detected by changes in admittance signatures of the "smart" piezoelectric transducers mounted on the structure.
In the proposed methodology for the detection of a potential damage on a RC beam the PZT transducers are excited by the installed PXI Platform for a specific frequency range and their corresponding signals are recorded simultaneously. These measurements are carried out initially on the original (undamaged) RC beam in order to record the healthy condition and to be used as a reference signature. Afterwards, the same measurements are carried out on the damaged RC beam at different levels of damage. More details about the overall concept of the adopted admittance measuring system could be found in the works of Providakis et al. [7-9, 14, 15] .
Selection of the excitation frequencies of the mounted PZTs is an important parameter affecting the effectiveness of the method and therefore special attention has been given [14] . For example, considerable amplitude differences in admittance signatures between the healthy and the damaged states of a steel reinforcing bar have been recognized when the applied frequency excitations were between 10 and 70 kHz. Frequency excitations higher than 100 kHz had as a result rather negligible amplitude differences. It has also been proven that damage detection capability greatly depends on the successful frequency selection of the excitation rather than on the voltage of the excitation loading itself [21] . This observation demonstrates that excitation loading sequence can have a voltage level low enough that the technique may be considered as easily applicable and effective for real structures. In this study analyses are performed for a frequency range of 10 kHz to 70 kHz per step of 10 kHz by using one cycle per 10 kHz. A harmonic excitation voltage of 10 Volts is amplified to the PZT transducers in time domain range at every central frequency, as described by the expression:
where: V PZT is the excitation voltage of the PZT, ω is the angular frequency of the driving voltage and t is the time domain range. The interaction between PZT and the RC element is captured in the form of an admittance signature consisting of the conductance (real part) and the susceptance (imaginary part). As a result of these interactions, structural characteristics are reflected in the signature. The onedimensional vibrations of the PZT patch are governed by the differential equation derived by Liang et al. [31] based on dynamic equilibrium of the PZT transducer. Bhalla and Soh [32] extended this approach to two dimensional structures by introducing the concept of effective impedance, derived from the following expression for complex admittance of the mounted PZT patch:
where:V is the harmonic alternating voltage supplied to the circuit,Ī is the current passing through PZT, G is the conductance (the real part of admittance), B is the susceptance (the imaginary part of admittance), j is the imaginary unit, ω is the angular frequency, L is the halflength of the patch, h is the thickness of the patch, d 31 is the piezoelectric strain coefficient of the PZT, Z a,e is the short-circuited effective mechanical impedance, Z s,e is the effective structural impedance, ν is Poisson's ratio, k is the wave number related to the angular frequency,Ȳ E is the complex Young's modulus of elasticity under constant electric field and ε T 33 is the complex electric permittivity of PZT patch along axis "3" at constant stress. Any damage to the RC beam that changes its mass and stiffness characteristics will cause the structural parameters to change and will thus alter the effective structural impedance, which in turn changes the admittance in previous equation, thus serving as an indicator of the state of health of the element [13] .
The absolute value of the admittance is calculated by the following equation:
In order to examine the effectiveness of the adopted and previously described EMA procedure the following experimental study has been conducted. A shear-critical RC beam without web reinforcement is subjected to a typical two-point loading till failure. Further, admittance signatures of embedded piezoelectric "smart aggregates" transducers and externally bonded piezoelectric patches have been measured at two different loading -damage levels (only flexural cracking and diagonal shear cracking). EMA measurements have also been used for the quantitative as- -Two cables are first soldered to each side of the PZTs and afterwards water proofing epoxy adhesive has been used to coat and to water proof the patches (Fig. 2a ). -Cement paste was poured in small foam moulds enclosing the waterproofed PZT patches (Fig. 2b ). -In a few days and after demoulding the hardened cement paste, irregular cement cubes with the enclosed PZTs were formed as "smart aggregates" (Fig. 2c) . -The PZT "smart aggregates" have been fixed inside the wooden mould of the RC beam, after the placement of the steel reinforcing bars and stirrups, just before concrete casting (Fig. 2d) . Three embedded "smart aggregates" have been installed at each shear span and their positions were close to the potential future diagonal cracks (see also Fig. 3 ).
After concrete casting and after demoulding the hardened concrete of the beam, two PZT transducers with two soldered cables each were carefully epoxy bonded at the surface of the RC beam, one at each shear span (see also Fig. 3 ). Adhesive of high shear modulus and very small thickness, approximately to one-third of the thickness of PZT transducer has been used to bond the PZTs, as Bhalla and Soh suggested [33] .
Test set-up and RC beam characteristics
The effectiveness of the adopted EMA procedure to evaluate the damages (cracks) caused on a shear-critical RC beam during a typical four-point loading test and at two different levels of loading is investigated. The geometrical and reinforcement characteristics of the tested RC beam are shown in Fig. 3 Six PZT transducers were embedded inside the concrete mass of the RC beam as "smart aggregates"; PZT1, PZT3 and PZT5 on the right shear span and PZT2, PZT4 and PZT6 on the left shear span. Further, two PZT patches were epoxy bonded externally at the surface of the RC beam; PZTX7 on the right shear span and PZTX8 on the left shear span (Fig. 3) . The specific locations of the aforementioned PZTs have been selected in order for the mounted transducers to be close to the potential diagonal cracks of the RC beam, based on the measured inclinations of the shear cracking angle in recent experimental works [25, 26] .
Test rig and instrumentation of the shear-critical RC beam is shown in Figs. 3 and 4 . The beam was simply edgesupported on roller supports 1.35 m apart from each other using a rigid laboratory frame. The imposed loading was applied at two points 250 mm apart from each other in the mid-span of the beam using a steel spreader beam. The imposed load was consistently increased with low rate us- Measurements for load and deflection were read and recorded continuously during the tests. Further, measurements of the EMA of the embedded PZT transducers inside concrete mass as "smart aggregates" and the externally epoxy bonded PZTs were recorded at two different levels of the applied loading using the experimental set-up of the adopted EMA procedure shown in Fig. 1 . A harmonic excitation voltage of 10 Volts is amplified to the mounted PZTs in time domain range at every central frequency, as described by the expression (1).
Test results and discussion
Tested RC beam exhibited typical shear response, as it has been designed and expected. First flexural cracks formed in the mid-span and perpendicular to the longitudinal axis of the beam. The increase of the applied load caused further flexural cracks that spread and inevitably diagonal cracks formed. The formation of a critical shear crack on the left shear span of the beam caused the brittle failure of the beam. Fig. 5 presents the behaviour of the beam in terms of experimental curve of applied load versus midspan deflection. Further, the cracking patterns of the RC beam at the following four different levels of loading / damage are also displayed in the photographs of Admittance of the mounted PZT transducers were measured at the beginning of the test ("Healthy state") and at damage levels 1 "Damage 1 (flexural cracking)" and 2 "Damage 2 (diagonal cracking)". Fig. 6 displays the experimentally measured admittance of PZT2 (embedded "smart aggregate" transducer in the left shear span of the beam) versus the frequency range of 10-70 kHz for the three examined states; "Healthy", "Damage 1" and "Damage 2". The measured admittance of PZT2 is in terms of conductance, susceptance and absolute value of admittance (diagrams in Figs. 6a, 6b and 6c, respectively). In the same way and for the same frequency range (10-70 kHz) the diagrams of Figs. 7a, 7b and 7c demonstrate the experimentally measured conductance, susceptance and absolute value of admittance, respectively, of the embedded "smart aggregate" transducer PZT4 for the aforementioned three damage states. Further, admittance measurements of the externally epoxy bonded transducer PZTX8 are presented in Figs. 8a, 8b and 8c as the previously mentioned PZTs. The comparisons of the curves in Figs. 6 and 7 clearly show that there are certain discrepancies between the healthy and the damaged levels that have been measured from the embedded "smart aggregate" transducers PZT2 and PZT4, respectively. Especially, PZT2 admittance curves display higher discrepancies between the "Healthy" state and the "Damage 2" level than these between "Healthy" and "Damage 1" (see also Fig. 6 ). In Fig. 7 , the corresponding discrepancies measured from PZT4 are less than those of PZT2. This fact indicates that PZT2 seems to be more sensitive to the identification of the examined damage levels than PZT4. This may be attributed from the distance between the PZTs and the occurred shear cracking of "Damage 2"; PZT2 is located closer to the critical diagonal crack than PZT4. Therefore, PZT2 transducer greatly senses the material anomaly caused by the damage and provides more sound and graduated admittance measurements for the examined damage levels. Comparisons of the admittance curves of the externally epoxy bonded transducer PZTX8 show slight discrepancies between the healthy and the damaged levels (see also Fig. 8 ). It is noted that PZTX8 is located close to the embedded "smart aggregate" transducer PZT2 that demonstrated consistent and sound admittance measurements. This fact indicates that external transducers seem to be less sensitive than the embedded ones. However, this issue should be further checked and verified with additional tests.
Figs. 9a, 9b and 9c presents the measured absolute value of admittance of PZT1, PZT3 and PZTX7, respectively, versus the frequency range of 10-70 kHz for the three examined states; "Healthy", "Damage 1" and "Damage 2". Comparisons of these admittance plots also show higher discrepancies between the healthy state and the damaged ones for the case of the embedded "smart aggregate" trans- ducers PZT1, PZT3 with respect to the epoxy bonded transducer PZTX7. The admittance curves of PZT1 and PZT3 (Figs. 9a and 9b, respectively) also reveal that although there are significant discrepancies between the healthy state and the damaged level "Damage 1" (flexural cracking), there are not clear discrepancies between "Damage 1" and "Damage 2" (diagonal cracking). This is justified by the fact that PZT1 and PZT3 are placed on the right shear span where no diagonal cracking occurred (critical shear crack formed on the left span). Thus, since the damage level (cracks) on the right shear span remained more or less the same after the first flexural cracking (after "Damage 1" level), the admittance measurements of PZT1 and PZT3 seem rather rational, confirming the damage occurred. Recent relative studies also verified that for an array of embedded PZTs in RC members the occurrence of damage alters the signatures of a particular PZT transducer in inverse proportion to its distance from the damage location that implies that the nearest PZT is most affected and the farther ones less [34, 35] .
Quantification of damage
The previously presented and discussed admittance response plots provide a qualitative approach for damage detection and identification. The quantitative assessment of damage is traditionally made by the use of statistically scalar damage values, such as [36, 37] :
-Root Mean Square Deviation index (RMSD):
-Cross-Correlation coefficient (CC):
where: |Y (jω)| is the absolute value of the admittance measurement of the PZT, ⃒ ⃒Ȳ (jω) ⃒ ⃒ and SD |Y (jω)| are the mean value and the standard deviation of these measurements, respectively, subscript D represents the measurements at the examined damage level ("Damage 1" or "Damage 2"), subscript 0 represents the measurements at the baseline value of the initial RC beam status ("Healthy" state) and N is the number of measurements (the frequency index of each sum ranges from 10 kHz to 70 kHz).
Based on the adopted EMA technique principals, when damage occurred in the RC beam the admittance curves measured before damage (initial "Healthy" state) and after damage will change. The greater the damage, the greater the change in the admittance curves and, based on eq. (4) and (5), the greater the absolute value of RMSD and the smaller the absolute value of CC. Thus, RMSD index and CC coefficient can be used to evaluate the evolvement of damage severity [38] [39] [40] .
Figs. 10a and 10b show the histogram of RMSD index and CC coefficient, respectively, of the examined damage levels "Damage 1" and "Damage 2" for each PZT mounted on the tested RC beam. For comparison reasons, the cracking pattern at the greater damage level ("Damage 2") is also displayed in Fig. 10 . It is noticeable that along with the increase of the level of damage, the values of RMSD and CC calculated from the EMA measurements of all mounted PZTs rationally increase and decrease, respectively. It is also stressed that at "Damage 2" the values of RMSD index and CC coefficient of the PZTs that are located close to the observed critical diagonal crack on the left shear span (especially in PZT2 and PZT4) are higher and lower, respectively, than the corresponding values of RMSD index and CC coefficient yielded from the measurements acquired from the PZTs that are located further from the damaged area (PZT1, PZT3, PZT5 and PZTX7 of the right shear span). Further, it is noted that the mean value of the RMSD indices for "Damage 2" level of the four PZTs on the left shear span is 5.1%; greater than the value of the RMSD indices of the four PZTs on the right shear span that equals to 3.7% (Fig. 10a) . Furthermore, the mean value of the CC coefficients for "Damage 2" level of the four PZTs on the left shear span is 98.4%; lower than the value of the CC coefficients of the four PZTs on the right shear span that equals to 99.1% (Fig. 10b) .
The above mentioned remarks reveal that the adopted monitoring system that implements admittance measurements of an array of mounted (embedded and externally bonded) PZT transducers in a RC beam provides rational and graduated values of the statistically scalar damage indices (RMSD and CC) used for the detection and the quanti-tative assessment of damage. Further, although a potential damage is rather difficult to be identified only by the signatures of a single PZT, the use of a mesh of PZT transducers arrayed in the RC beam lead to a safe determination of the location of the damage (shear span of the critical diagonal crack).
It should be noted that the presented SHM procedure has two obvious limitations concerning its application in existing structures: (a) The embedded "smart aggregates" inside the concrete mass should be installed prior concrete casting and (b) the test setup of the adopted EMA technique shown in Fig. 1 is not portable. However, it would be very useful to practice if this methodology could be properly modified and extended in order to be applied in shear-critical members of real and existing structures such as beam-column joints of RC and steel frame structures and members of pilotis RC structures with increased shear requirements [41] [42] [43] . A first miniaturized wireless impedance sensing system has already been developed and used to monitor early-age concrete compressive strength gain [18, 19, 44] . The development and evaluation of an innovative, wireless, portable, lightweight, real-time monitoring system for structural integrity assessment of RC members and structures using a smart piezoelectric sensor network is under investigation [45] .
Concluding remarks
The effectiveness of an EMA procedure for the detection and evaluation of the damage levels in the shearcritical RC beam using admittance signatures of embedded piezoelectric "smart aggregate" transducers and externally bonded piezoelectric patches has been presented.
Admittance signatures of the PZT transducers acquired from test measurements exhibited obvious discrepancies between the response of the healthy and the examined damage levels. These differences clearly indicated the presence of damage and as damage level increases an increasing tendency can be traced from the admittance signatures of particular PZTs. However, external transducers showed slight discrepancies between the healthy and the damage levels and, therefore, less sensitivity than the embedded ones.
The distance between mounted PZT and damage occurred to the RC beam is of great importance. Nearest PZT transducers to the critical diagonal crack greatly sense the material anomaly caused by the damage and provide sound differences and graduated admittance responses between the damage levels. This is important to SHM of shear-critical RC beams with an array of embedded transducers inside concrete because signatures of PZTs located on the shear span of the formed critical diagonal crack showed clear gradation between the two examined damage levels ("Damage 1": Only flexural cracking and "Damage 2": Shear diagonal cracking). On the contrary, the admittance signatures of the embedded transducers located on the other shear span, where no diagonal cracking occurred, remained more or less the same for both damage levels.
Damage assessment has been successfully attempted using values of the known statistical RMSD index and CC coefficient. It is emphasised that along with the increase of the damage level values of RMSD and CC calculated from the EMA measurements of all mounted PZTs rationally increase and decrease, respectively. Further, at "Damage 2" the values of RMSD index and CC coefficient of the PZTs located on the shear span of the formed critical diagonal crack are higher and lower, respectively, than the corresponding values of RMSD and CC yielded from the measurements of PZTs located on the other shear span, where no diagonal cracking occurred.
